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Abstract With the increasing consumption of fossil fuels,
proton exchange membrane fuel cells (PEMFCs) have
attracted considerable attention as green and sustainable
energy conversion devices. The slow kinetics of the
cathodic oxygen reduction reaction (ORR) has a major
impact on the performance of PEMFCs, and although
platinum (Pt) can accelerate the reaction rate of the ORR,
the scarcity and high cost of Pt resources still limit the
development of PEMFCs. Therefore, the development of
low-cost high-performance ORR catalysts is essential for
the commercial application and development of PEMFCs.
This paper reviews the research progress of researchers on
Pt-based ORR catalysts in recent years, including Pt/C
catalysts, Pt-based alloy catalysts, Pt-based intermetallic
compounds, and Pt-based single-atom catalysts (SACs),
with a focus on Pt-based alloy catalysts with different
nanostructures. We described in detail the difficulties and
solutions in the research process of various ORR catalysts
and explained the principle of their activity enhancement

F. Zhan, K.-S. Hu, J.-H. Mai, H. He*

School of Resources, Environment and Materials, Guangxi
University, Nanning 530004, China

e-mail: noblehe @gxu.edu.cn

L.-S. Zhang, X.-H. Liu*

School of Transportation Science and Engineering, Beihang
University, Beijing 102206, China

e-mail: liuxinhual9 @buaa.edu.cn

Z.-G. Zhang*
IDTECH (Suzhou) Co. Ltd, Suzhou 215217, China
e-mail: zhenguo.zhang @idtechgroup.cn

X.-H. Liu
Dyson School of Design Engineering, Imperial College London,
London SW7 2AZ, UK

aQ

with density functional theory (DFT). In addition, an out-
look on the development of Pt-based catalysts is given, and
reducing the amount of Pt used and improving the per-
formance of catalysts are the directions to work on in the
coming period.

Keywords Pt-based catalysts; PEMFCs; Pt-based
intermetallic compounds; Single-atom catalysts

1 Introduction

There is an urgent need to develop green and sustainable
energy and energy conversion devices due to the growing
energy shortage caused by the accelerated consumption of
conventional fossil energy and the resulting climate prob-
lems [1-3]. Pure, sustainable, and inexpensive hydrogen
energy and its energy conversion device, the hydrogen fuel
cell, have naturally attracted a lot of attention [4-6]. Proton
exchange membrane fuel cells (PEMFCs) have great
potential to solve energy and climate problems because
they offer the advantages of high power density, superior
energy conversion efficiency, low operating temperature,
fast start-up, excellent stability, and environmental
friendliness [7-10].

The catalyst is one of the core materials of PEMFCs and
has a significant impact on fuel cell production costs,
energy conversion efficiency, and battery life [11]. How-
ever, the sluggish kinetics of oxygen reduction reaction
(ORR) is a major limitation for the further development of
PEMFCs [12], so the development of ORR catalysts with
high catalytic activity and high stability is essential
[13, 14]. The ORR catalysts currently in widespread use
are mainly Pt-based catalysts, non-precious metal catalysts,
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and non-metallic catalysts [15, 16]. Pt-based catalysts refer
to catalysts with Pt or Pt alloys as active components,
which have the advantages of high activity, strong anti-
poisoning ability, and highly efficient reactions at low
temperature, low pressure, and a wide pH range [17]. Non-
precious metals are widely used in catalysts due to their
relatively low prices and rich valence states. The applica-
tion of oxygen reduction catalysts mainly focuses on the
transition metals Fe, Mn, Co, Cu, Ni, Zn, etc. The main
types are transition metal oxides, transition metal carbides,
transition metal nitrides, and metal-nitrogen-doped carbon
materials (M-N-C, M = Fe, Co, Ni, Mn, etc.) [18]. Among
these, M-N-C has relatively good catalytic activity and
stability in alkaline and acidic electrolytes and is consid-
ered the most likely catalyst to replace platinum [19].
However, it also faces problems such as metal leaching, the
combination of anions and active sites, and the protonation
of doped nitrogen in acidic environments [20]. Non-
metallic catalysts refer to a heteroatom-doped sp® hybrid
carbon-based materials. The inherent porosity, porous
structure, and electrical conductivity of carbon materials
are extremely advantageous for the production of highly
active catalytic materials [21]. However, it lacks sufficient
active sites, so heteroatoms (such as B, N, P, S) are often
introduced to improve its interaction with adsorbed species
and promote the reaction [22]. As the adsorption and dis-
sociation mechanisms of O, on the surface of Pt are rela-
tively simple, the most efficient catalysts for ORR are still
Pt-based [23]. However, the scarcity and high cost of Pt
resources limit the long-term development of PEMFCs, so
current researches are focused on reducing the use of Pt
while improving its catalytic activity [24, 25].

This paper reviews recent research progress in the
preparation and modification of Pt-based catalysts (in-
cluding Pt/C catalysts, Pt-based alloy catalysts [26], Pt-
based intermetallic compound catalysts [27], and Pt-based
single-atom catalysts (SACs) [28]) for ORR, starting from
the improvement of catalyst activity and durability. The
preparation and performance enhancement methods of the
above four types of catalysts are discussed in detail in
separate chapters, focusing on the methods for improving
the overall performance of catalysts by modifying the
nanostructure of Pt-based alloy catalysts. Finally, this
paper also provides an outlook on the development of Pt-
based catalysts, as the development of high-activity, low-
cost, and sustainable catalysts is the main direction for the
development of ORR catalysts in the future.

2 Pt/C catalyst

In the early stages of fuel cell development, only Pt
nanoparticles (NPs) were used for the ORR, but without
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support, Pt NPs tended to agglomerate and seriously affect
catalytic performance, which could not meet practical
requirements [29]. And then, the researchers found that
using conductive carbon to support the Pt NPs could reduce
the amount of Pt used and prevent agglomeration of the Pt
NPs [30]. This chapter mainly describes recent efforts of
researchers to improve the activity of Pt/C catalysts and
reduce the amount of Pt used. Supporting Pt on carbon can
effectively reduce the amount of Pt, but the Pt must be
uniformly distributed on the carbon support for the catalyst
to have excellent performance. The addition of surfactants
during the preparation of catalysts is a common means of
improving their dispersion, as surfactants can sterically
confine Pt. It is also a good way to improve the dispersion
of catalysts that using novel mesoporous carbons as sup-
ports. In addition to improving dispersion, it is critical to
address the corrosion of carbon supports when using Pt/C
catalysts. It has been found that in addition to using some
carbon supports with corrosion resistance (such as gra-
phene, carbon nanotubes (CNTs), and carbon nanofibers),
other elements can be doped into the carbon supports,
which enhance the electronic metal-support interaction
(EMSI) and anchor Pt on the supports. Coating the outer
layer of Pt with a thin layer of carbon can not only improve
the dispersion of Pt, but more importantly, it can prevent
direct contact between Pt and the electrolyte during use.
This can inhibit the adsorption of toxic substances on the
catalyst, improving the stability of the catalyst and
increasing its anti-poisoning ability. Corrosion resistance
and electrical conductivity can be combined when other
corrosion-resistant supports and carbon supports are pre-
pared into a composite support, and when this composite
support is used to support Pt, the stability of the catalyst
can be improved.

Highly dispersed catalysts are known to expose more
efficient active sites and considerably increase Pt utiliza-
tion, allowing catalysts to exhibit superior catalytic activity
[31, 32]. Researches have shown that the addition of ten-
sides during the preparation process may result in steric
confinement of Pt to improve the dispersion of Pt on the
support [33, 34]. For example, Sun et al. [35] used
polyvinylpyrrolidone (PVP) as a surfactant to prepare high-
loading (> 40 wt%) Pt/C catalysts with ultrafine particle
size (~ 3.19 nm) and good dispersion using microwave-
assisted preparation. During the reaction, PVP not only
spatially confines Pt but also rapidly decomposes, reduces,
and carbonizes with Pt precursors to form Pt@C structure
supported on carbon black. The thin carbon layer on the Pt
outer layer in this structure can not only suppress the
agglomeration of Pt NPs but also prevent the poisoning of
the Pt core, thus improving the activity and durability of
the catalyst. Ruiz-Camacho et al. [36] investigated the
effect of loading different supports, such as graphene oxide
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(GO), reduced graphene oxide (rGO), carbon Vulcan
(XC72R), and Go—C (1:1) on the catalysts. And they found
that the oxygen functional groups on the GO surface could
promote the uniform distribution of Pt NPs, resulting in the
highest dispersion among several catalysts. In addition, GO
could modify the electronic properties of Pt, improving its
catalytic activity. Carbon materials with a large surface
area can also be selected as supports for Pt, improving the
electrochemically active surface area (ECSA) of the cata-
lyst, exposing additional active sites, and improving cata-
lyst activity. Xie et al. [37] chose a new mesoporous carbon
(3#) to compare with commercial graphitized carbon (C18)
and porous carbon (EC300) as supports to investigate the
effect of the supports’ specific surface area on catalyst
performance. The abundant mesoporous structure and large
specific surface area of 3# provided a large number of sites
for Pt deposition, resulting in Pt particles that are not only
uniformly distributed on the surface of the carbon support
but also in the mesoporous interior of the support. Finally,
for the sample with 3# as support, the ECSA of 92 m*.g~"
was obtained, which was much higher than that of the other
two groups of samples, which were 50 and 40 m*g ',
respectively. This “internal Pt” structure constructs effec-
tive three-phase boundaries (TPB), which can avoid the
toxic effect of the ionomer on the NPs, then reduce the
activation impedance and the oxygen mass transfer impe-
dance, and improve the reaction efficiency so that Pt/3#
(150 mA-mgp,!) has a much higher mass activity than the
other two groups of samples (86 and 78 mA-mgp).

The carbon support of Pt/C catalysts is easily corroded
in practice, and the result is the agglomeration of Pt NPs,
which has a seriously detrimental effect on the perfor-
mance of the catalyst. Labata et al. [38] investigated the
degradation mechanism of Pt/C catalysts during ORR in
different pH media. Studies have found that in acidic
electrolytes, catalysts would form oxides (mainly O-C=0
functional groups) on the carbon surface after working at
limiting potentials, leading to Pt poisoning and severe loss
of ORR activity. Under alkaline conditions, after a steep
potential cycle of the Pt/C catalyst, the higher mobility of
Pt leads to an increase in aggregates and a decrease in
ECSA due to the dissolution of the carbon layer. The
durability of the catalyst can be effectively increased by
strengthening the carbon support. For example, Bai et al.
[39] ultrasonicated Pt/C and a certain amount of KBH, in
deionized water for a certain time, then heated it at an
elevated temperature, centrifuged it to remove impurities,
and dried it to obtain a modified catalyst Pt/C-M (0.13,
180). X-ray photoelectron spectroscopy (XPS) characteri-
zation of the catalysts before and after modification showed
that the content of O—C=0 groups decreased slightly after
modification, indicating that the O-C=0O groups were
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reduced by KBH, (Fig. la). The reduction of oxygen-
containing groups was observed in the O 1s spectrum
(Fig. 1b), and the absolute content of O-Pt bonds in Pt/C-M
(0.13, 180) was also found to be reduced. Combined with
transmission electron microscopy (TEM) and electro-
chemical characterization, it was found that the method
reduced the surface defects of Pt NPs by reducing the
oxygen-containing functional groups on the surface of the
carbon support, effectively alleviating the corrosion of
carbon, and inhibiting the agglomeration and growth of Pt
NPs. The mass activity (MA) and specific activity (SA) of
the KBH -modified catalyst were 1.14 and 1.29 times
higher, respectively, than those of the original sample
(Fig. 1c). Moreover, after 10,000 cycles, the MA loss of
the modified sample was only 6.26%, while that of the
original sample is 16.52%, which significantly improves
the stability. Park et al. [40] used Pickering emulsion to
treat the Pt/C catalyst to improve catalyst stability.
Observing TEM image (Fig. 1d) of the graphene-Pt/C
composite before and after cycling, it can be seen that the
graphene nanoplatelets mitigate the Pt loss during cycling
by providing redeposition and localization sites for Pt NPs.
As shown in the figure, there is a small number of Pt NPs
on the graphene nanoplatelets after the initialization step
(see the white arrow), and the size and number of Pt NPs
on the graphene nanoplatelets continue to increase during
30,000 cycles. And they are preferentially formed on the
edges of the graphene nanoplatelets rather than on the
graphene basal surfaces. This suggests that the modified
graphene nanoplatelets provide anchoring sites for Pt
nanoparticle redeposition and suppress Pt loss during
cycling. This allows the catalyst to retain a greater pro-
portion of the active surface area after long-term cycling,
with an ECSA loss of only 25.1% after 30,000 cycles
compared to 36.3% for untreated Pt/C (Fig. le). In addi-
tion, the graphene-Pt/C composite provides an open
microstructure with minimal barriers to reactant entry and
product exit from the catalytic active site, resulting in
superior initial ECSA and ORR activity.

It has been shown that when Pt is loaded with materials
such as graphene [41], CNTs [42—44], and carbon nanofi-
bers [45], the catalysts have good corrosion resistance. The
use of other elements to dope these carbon materials for Pt
loading not only makes the support more resistant to cor-
rosion but also creates a synergy with Pt to improve the
activity and stability of the catalyst [46-52]. Choi et al.
[53] used density functional theory (DFT) to investigate the
reason for the improved catalyst performance when gra-
phene was used as a support and found that the catalyst had
high activity and stability due to the strong Pt-C covalent
bond and the unique surface morphology of Pt and gra-
phene. Carbon atoms in graphene form covalent bonds with
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Fig. 1 High-resolution XPS spectra of a C 1s and b O 1s before and after KBH, modification of catalyst; ¢ summary of MA of Pt/C and
Pt/C-M (0.13, 180) before and after 10,000 cycles of accelerated durability tests (ADTs). Reproduced with permission from Ref. [39].
Copyright 2022, American Chemical Society. d SEM images of graphene-Pt/C composites before and after cycling; e plot of ECSA
versus number of turns obtained for catalysts cycled to 30,000 turns before and after Pickering emulsion treatment at between 0.60
and 0.95 V (vs. RHE). Reproduced with permission from Ref. [40]. Copyright 2022, John Wiley and Sons. f Pt-CNT@SnO,-T synthetic
route schematic diagram; g valence band XPS spectrum of Pt-CNT@SnO,-T, where black dashed line indicates location of d-band

center. Reproduced with permission from Ref. [59]. Copyright 2022, Elsevier

Pt atoms to produce an alternating sp-sp’ hybridization
wave surface morphology. The sp” region of graphene
provides active sites for ORR, and all active sites on the Pt
surface are provided by Pt-C (sp>). Moreover, the ORR on
the graphene surface is easier to perform due to the weaker
oxygen-binding energy and lower excess potential than that
on Pt surface. Nechiyil et al. [54] proposed a method for
nitrogen-sulfur co-doped carbon nanotubes (NS-PECNTSs)
to improve the interface bonding between the support and
the catalyst NPs. Studies have shown that there is a strong
interaction between Pt NPs and dopants or defect sites,
which can anchor Pt and play a crucial role in improving
ORR activity, fuel cell performance, and catalyst
durability.
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Forming a carbon coating on the surface of the Pt to
prevent direct contact between the Pt and the electrolyte is
also a method of improving the durability of the catalyst.
Chen et al. [55] used DFT to cover two-dimensional gra-
phene (GDY) with uniformly distributed pores on the Pt
surface for catalytic ORR. They found that Pt would form a
GDY/Pt(111) heterophase interface with GDY and that
GDY on the surface would weaken the adsorption of CO by
Pt(111) and inhibit CO poisoning of the catalyst. These
were the main reasons for the improved stability and
activity of the catalyst. Liu et al. [56] soaked and adsorbed
polydopamine on commercial Pt/C to form a coating on Pt
grains, and then converted the coating to lesser-layer
nitrogen-doped graphene by calcination to produce Pt/
C@NC. It was found that the coating could effectively
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block the direct contact between Pt NPs and electrolytes,
avoid Ostwald ripening, inhibit the adsorption of toxic
substances, improve the stability of the catalyst, and
enhance the resistance to poisoning. More importantly,
smearing does not affect the ORR activity of commercially
available Pt/C.

The durability of the catalyst can be significantly
improved by using the composite materials of carbon and
other corrosion-resistant materials as a carrier. For exam-
ple, Park et al. [57] used a simple hydrothermal method to
prepare NG-TiON composites consisting of nitrogen-doped
graphene and nitrogen-doped TiO, as supports for Pt/NG-
TiON catalysts. It was found that the improved conduc-
tivity of the support resulting from the N doping of TiO,
and further hybridization with N-doped graphene were the
main reasons for the improved catalytic performance of Pt/
NG-TiON. Furthermore, in a single-cell test of 5000
cycles, the degradation rate of the Pt/NG-TiON catalyst
was only 9%, while the degradation rate of Pt/C was 83%),
demonstrating that the NG-TiON material has an excellent
corrosion resistance when used as a support. Xu et al. [58]
developed a high corrosion resistance and an excellent
electrical conductivity MXene (Ti;C,T,) hybrid with CNT
composite material as a support for Pt. The MA of the Pt/
CNT-MXene catalyst was 3.4 times higher than that of the
Pt/C catalyst due to the synergistic interaction between Pt
and CNT-Ti3C,T,. The ECSA of the Pt/CNT-TizC,T, (1:1)
catalyst decreased by only 6% after the 2000 cycle
potential sweeping, while that of Pt/C decreased by 27%.
Li et al. [59] designed a cable-like core@shell
CNTs@SnO, material with a regulable EMSI support for
Pt. The structure and synthetic route of this material are
shown in Fig. 1f. The valence band XPS spectra charac-
terization of Pt-CNT@SnO, samples with different
annealing temperatures (Fig. 1g) show that the d-band
center of Pt shifts negatively with decreasing annealing
temperature. This is because the large difference in work
functions between Pt and SnO, enhances the charge
transfer between them and fills the d-band of Pt with
additional electrons, resulting in a negative shift of the
d-band center of Pt and enhancing the intrinsic activity of
the catalyst. At the same time, SnO; can act as a protective
layer for CNTs and stabilize Pt NPs under PEMFC oper-
ating conditions. The ECSA loss of Pt-CNTs@ Sn0,-400 is
only 11.3% after 50,000 cycles, while the MA loss is only
9.2% after 5000 cycles, and the strong metal-support
bonding interaction (SMSBI) endows Pt atoms with greater
adhesion energy and migration barriers, giving the fuel cell
very high stability.

Although Pt/C catalysts already have excellent catalytic
activity and relatively mature processes following research
and modification by a large number of researchers, there
are still some problems that need to be addressed, such as
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dissolution and agglomeration of Pt particles, Ostwald
ripening, and corrosion of the support [60—67]. To address
these issues, in addition to improving the process for
preparing finer and more homogeneous Pt nanoparticle
catalysts, researchers have enhanced the EMSI by treating
carbon supports so that Pt can be stably anchored to the
supports. The doping of N, P and S into graphene, CNTs
and carbon nanofibers can have a favorable anchoring
effect on Pt. The carbon support can also be pre-treated so
that its surface is rich in oxidation functional groups before
support, and then Pt can be adequately dispersed on the
support during support. The main obstacle to the com-
mercialization of Pt/C catalysts is likely to be the scarcity
of Pt resources and their high cost, which makes it difficult
to achieve mass production. Therefore, it is particularly
important to reduce the amount of Pt used as much as
possible while improving the catalyst performance, and
alloying Pt with other metals to produce Pt-based alloy
catalysts is expected to solve this problem.

3 Pt-based alloy catalyst

Pt/C catalysts have excellent ORR activity, but the high
cost and scarcity of Pt limit their wide application [68, 69].
Reducing costs and improving activity have become key
tasks for Pt-based catalysts on commercial roads [70].
Alloying Pt with non-noble metal elements such as Co
[71-74], Ni [75, 76], Cu [77], Fe [78], Sr [79], Gd [80], and
Mg [81] not only significantly reduces the amount of Pt
used but also improves catalyst activity. The addition of
other elements can not only significantly reduce the amount
of Pt used, but also create ligand and strain effects to
optimize the surface electronic structure of Pt [82, 83]. This
reduces the adsorption of oxygen-containing species on Pt
during the ORR process, accelerating the rate-determining
step (RDS) and increasing the intrinsic activity of the
catalyst [84-86]. And some researchers, inspired by the
concept of high-entropy alloys (HEAs), have demonstrated
theoretically and experimentally that HEAs composed of
multiple elements are beneficial for accelerating the ORR
process [87—89]. Owing to the high entropy, lattice dis-
tortion, and sluggish diffusion effects of HEAs, Pt-based
HEA nanocatalysts exhibit outstanding catalytic activity
and stability for ORR [90]. To further improve the uti-
lization rate of Pt and its catalytic activity, crystal orien-
tation engineering and near-surface alloying are often used
to adjust the surface activity of the catalyst [91-93].
Recently, researchers have discovered that Pt-based alloy
catalysts and single-atom catalysts can be prepared as
hybrid electrocatalysts. The synergistic effect between
them can be used to increase the number of active sites and
reduce the formation of H,O,. This reduces membrane and
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ionomer degradation and improves catalyst activity and
durability [94]. To address the Ostwald ripening, migra-
tion, and agglomeration of alloy catalysts during the cycle,
researchers have attempted to modify the surface of Pt-
based alloys using surfactants to suppress the formation of
Pt oxide layers and enhance the durability of the catalysts
[93, 95]. Not only can specific nanostructures provide
additional specific surface areas and higher active sites
[96], but they can also increase effective electron transfer
pathways and reduce interfacial resistances [97]. The
preparation of Pt alloys into special nanostructures not only
enhances the ligand and electronic effect but also exposes
additional active sites, which further increases catalytic
activity [98]. In this chapter, the preparation of different
nanostructures of Pt-based alloy catalysts and the perfor-
mance enhancement methods are described in three sub-
chapters, and different nanostructures have different effects
on the catalyst’s performance. The unique one-dimensional
(1D) nanostructure not only reduces the activation energy
but also significantly weakens the interaction between Pt
and oxygen-containing species. All these can lead to a
significant improvement in reaction kinetics. Polyhedral
nanostructures can expose more highly efficient crystal
faces and have an excellent stability. When nanopolyhedra
are made as hollow structures, it not only leads to a further
reduction in Pt usage, but also enables the creation of
additional reaction sites and shorter charge transfer dis-
tances. This accelerates the sluggish kinetics of the ORR.

3.1 1D nanostructures

1D nanostructures usually have high aspect ratios, which
endow advanced electron transfer capabilities. The chan-
nels or gaps between 1D structures provided by nanotubes
can speed up reaction kinetics by accelerating the transport
of reactant and product [99, 100]. This section mainly
describes how to improve the activity and stability of cat-
alysts by improving the 1D nanostructure of Pt-based
alloys. The 1D nanostructures give excellent catalyst
activity and stability due to their unique structure, but they
still have some problems such as dissolution of alloying
elements. Researchers have conducted extensive studies to
address this challenge. It was found that catalysts could be
prepared in heterogeneous 1D structures to reduce their
surface energy, while doping with additional elements
could tune the electronic structure and improve the stability
of the catalyst, thus maintaining its high activity. Making
the catalysts into ultra-thin nanorods and nanotubes not
only improves the stability of the catalysts but also sig-
nificantly increases the utilization of Pt.

1D nanostructures with intrinsic anisotropy and multiple
carbon binding sites enhance EMSI, reduce Pt migration,
and effectively suppress Ostwald ripening and
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agglomeration [101]. Lei et al. [102] used a simple elevated
temperature solid-phase method to synthesize Pt-M
(M = Fe, Co, and Ni) bimetallic nano-branched structure
(NBs) catalysts. The SA and MA of Pt-M NBs are 6.1 and
5.3 times higher than those of commercial Pt/C samples,
respectively, due to the kink structures and abundant ladder
on the surfaces. The loss of SA and MA of the Pt-M NBs
catalysts after 10,000 accelerated durability tests (ADTs)
was only 4.0% and 14.4%, respectively. Cao et al. [103]
synthesized compositionally controllable PtCu porous
nanowires (PNWs) by an ultrasound-assisted galvanic
replacement reaction. TEM characterization revealed that
PtCu PNWs were composed of many small NPs with
random orientations, which were interconnected to form
nanopores. This open structure can facilitate proton/mass
transfer during ORR, provide abundant defect sites, and
increase the surface area-to-volume ratio. Observation of
the high-resolution TEM (HRTEM) images and X-ray
diffraction (XRD) characterization shows that Cu atoms in
PtCu PNWs can cause significant lattice contraction.
Using XPS analysis, it is found that Pt in PtCu PNW is
mainly in the zero-valence state, which can provide more
active sites, and thus improve catalytic performance. In
addition, electronic interactions between Pt and Cu atoms
in PtCu PNWs were found. Pt atoms with a higher
electronegativity can accept electrons from Cu atoms,
resulting in a downward shift of the d-band center relative
to the Fermi level. Therefore, the formation of PtCu alloy
can reduce the oxygen affinity and release more active
sites, thereby increasing the catalytic efficiency of ORR.
Under the synergistic effects of 1D structure, strain effect,
electronic effect, and alloy effect, the prepared Pty sCug s
PNWs catalyst had excellent catalytic activity. The
Pty5Cups PNWs had a mass activity of 800 mA'mgljt1
and specific activity of 1.52 mA-cmljtz, both higher than
the JM Pt/C catalyst (160 mA-mgp,', 0.22 mA-cmp?). Due
to the 1D structure and stable porous structure, even after
10,000 cycles of the accelerated durability test, the MA
degradation of the PtysCugs PNWs catalyst was only
8.4%, which was much lower than that of the JM Pt/C
(43.7%).

Several researchers have improved the stability of cat-
alysts through the preparation of 1D nanostructures with
unconventional morphologies. For example, Li et al. [104]
incorporated Ga into Pt;Co nanowires to prepare a laven-
der-structured Ga-Pt3Co/C catalyst consisting of PtGa
stems and PtCoGa surface leaves, whose TEM and struc-
tural schematic are shown in Fig. 2a. They investigated the
effect of Ga doping on the stability of the catalyst by cal-
culating the surface energies of pure Pt, Pt3Co and Ga-
Pt3;Co (111) surfaces, the results of which are shown in
Fig. 2b. It can be seen from this figure that the surface
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Fig. 2 a TEM image of Ga-Pt;Co and (inset) schematic illustration of its structure; b surface energy of pure Pt, Pt;Co and Ga-doped
Pt3Co (111) surfaces. Reproduced with permission from Ref. [104]. Copyright 2020, American Chemical Society. ¢ HAADF-STEM
image of Pt-Ni UHT; d schematic diagram of ORR catalytic layer of UHT for PEMFCs; e FFT results of Pt-Ni UHT. Reproduced with
permission from Ref. [108]. Copyright 2022, American Chemical Society. DFT calculation results for f PtFe NW, g PtFe/Pt-V NW, and
h PtFe/Pt NW for adsorption energy of oxygen-based intermediates; i activity volcano curve of PtFe/Pt NW. Reproduced with
permission from Ref. [109]. Copyright 2021, Royal Society of Chemistry. J HAADF-STEM and EDS images of Pt-Co GB-NWs/C-OCP
and Pt-Co SC-NWs; k dissolved amounts of Pt and Co during activation and durability test of Pt-Co GB-NWs/C-OCP and Pt-Co SC-
NWs/C, where dissolved amounts have been normalized to total metal loading. Reproduced with permission from Ref. [110]. Copyright

2022, American Chemical Society

energy of Ga-Pt3Co (111) is significantly lower than that of
the remaining two groups, indicating that Ga doping can
significantly improve the stability of the Pt;Co surface.
Kong et al. [105] synthesized surfactant-free Pt-iron alloy
twisty nanowire catalysts (Pt-Fe TNWs) with twisted and
helical shapes in a hydrothermal kettle using N,

Q

N-dimethylformamide (DMF) as the solvent. It was found
that the special alloy structure and significant lattice strain
in Pt-Fe TNWs gave the catalyst excellent activity and
durability (MA was about 20 times higher than that of
commercial Pt/C catalysts, and < 2% loss of activity after
40,000 cycles and < 30% loss after 120,000 cycles).
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Some scientists also used elemental doping to improve
the activity and durability of catalysts. Zhang et al. [106]
synthesized S-doped AuPbPt alloy nanowire networks
(NWNs) by conformal growth of Pt onto preformed
S-doped AuPb NWNs in water at pH 2. Experimental and
computational results show that a certain amount of PtS
will be produced in the S-doped AuPbPt alloy NWNs,
and an appropriate amount of PtS will reduce the d-band
center of Pt, thereby making Pt have stronger ORR cat-
alytic activity. This study provides a theoretical and
practical basis for the doping of non-metallic elements
into the Pt alloy lattice and offers new ideas for reducing
the amount of Pt used, enhancing the activity and dura-
bility of Pt alloy catalysts. Deng et al. [107] prepared a
Mo-doped Pt3;Co alloy nanowire (Pt;Co-Mo NWs) with
high-quality activity and specific activity. DFT calcula-
tions have shown that Mo doping can change the elec-
tronic structure of both Pt and Co. The addition of Mo not
only optimizes the interfacial oxygen-binding energy but
also increases the vacancy formation energy of Co. The
rational integration of multiple advantages, such as alloy
features, 1D nanowires, and high-index facets, in com-
position and structure endows Pt;Co-Mo NWs with good
durability, with a retention rate of 76% after 50,000
potential cycles. Some researchers have also made Pt-
based alloys into ultra-thin nanotubes to improve the use
of Pt and increase the stability of catalysts during use. For
example, Liu et al. [108] prepared Pt-M (M = Ni, Co)
ultrathin holey nanotube (UHT) catalysts by electrostatic
spinning and heat treatment and used them in the ORR
catalytic layer of PEMFCs, the principle of action of
which is shown in Fig. 2d. The high-angle annular dark-
field scanning transmission electron  microscopy
(HAADF-STEM) image showed that the Pt-Ni UHT had a
diameter of about 15 nm, rough and holey tube walls, and
an ultrathin wall thickness of about 2-3 nm (Fig. 2c¢).
They also demonstrated that Ni successfully entered the
Pt lattice using fast Fourier transformation (FFT)
(Fig. 2e). Electrochemical tests found that Pt-M UHT had
a smaller ECSA than Pt/C, but higher MA and power
density, which meant that the intrinsic activity of Pt-M
UHT was higher than that of Pt NPs. This is due to the
combined effect of the high utilization of Pt atoms
resulting from the efficient mass transfer and 100% sur-
face exposure of the nanotube structure combined with
the alloying effect. Furthermore, the nanotube structure
not only avoids the problem of nanoparticle agglomera-
tion, but the low curvature of the tube wall also gives the
UHT a low surface energy, making it more resistant to
Oswald ripening and more stable.

We all know that defects in materials have a profound
effect on their performance, and the same is true of cata-
lysts. For example, Shi et al. [109] prepared PtFe/Pt-V NW
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nanowire catalysts with abundant surface vacancies by
electrochemical de-alloying, which had excellent activity
and durability. They then used DFT calculations to explore
the principle of surface vacancies improving the activity,
and the results are shown in Fig. 2f-h. From these figures, it
can be seen that for PtFe/Pt-V NWs with abundant Fe
vacancies on the surface, the RDS of ORR is the formation
of OOH*, while for the electrocatalyst without vacancies
on the surface, the RDS is the formation of OH". The
activity volcano diagram of the free energy barrier forming
"O0H (A G{on) descriptor is shown in Fig. 2i. The activity
of PtFe/Pt-V NW is near the top of the volcano plot,
indicating that it has the best ORR activity among these
catalysts. Overall, the vacancies present on the catalyst
surface can weaken the binding and adsorption of Pt to
oxygen-containing intermediates, alter the RDS of the
ORR process, and thus increase the ORR activity. How-
ever, another kind of defect in the crystal structure—the
grain boundaries (GBs)—has a hindering effect on the
ORR process. To understand the principles, Kabiraz et al.
[110] prepared Pt-Co GB-NWs/C-OCP and Pt-Co SC-
NWs/C for comparison, which had very similar diameters,
Pt-Co ratios, and Pt-rich surface structures, except for the
GBs. Figure 2j shows the HAADF-STEM and energy-
dispersive X-ray spectroscopy (EDS) characterization of
Pt-Co GB-NWs/C-OCP and Pt-Co SC-NWs/C. It can be
seen that the surface composition and structure of the two
samples are relatively close to each other. During the study,
it was found that the presence of GBs in Pt-Co NWs pro-
moted the leaching of Co (Fig. 2k). Finally, it is concluded
that the surface GB sites are deactivated by causing ele-
ment leaching and may not act as ORR promoters for Pt-Co
nanowire catalysts.

3.2 Polyhedral nanostructures

The preparation of Pt-based alloy catalysts into polyhe-
drons is also an important means of improving their per-
formance [111]. However, Pt alloys with a simple
octahedral structure often have the problem of non-noble
metal elements dissolving, causing the polyhedron to col-
lapse and affecting the activity and durability of the cata-
lyst [112]. This subsection focuses on some of the methods
used to improve the stability of the polyhedral structure
while improving catalyst activity and durability. The for-
mation of a thin layer of Pt on the surface of the polyhe-
dron, the doping of the polyhedron with other elements, the
preparation of polyhedrons with heteromorphic structures,
etc., can all play a certain role in improving the stability
and activity of polyhedron catalysts.

The formation of a thin Pt layer on the surface of the
polyhedral structure not only shortens the reaction path and
increases the catalytic activity, but also protects the internal
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structure and improves the stability of the catalyst. Kong
et al. [113] prepared octahedral Pt; sNi nanocatalysts by a
thermal reduction method. Subsequently, the surface/near-
surface structure of the octahedron was atomically regu-
lated by heat treatment, pickling, etc., and an octahedral
PtNi alloy catalyst (A-MS-Pt; sNi) with an extremely thin
Pt-rich shell was obtained. The schematic diagram of its
synthesis is shown in Fig. 3a. The HRTEM and HAADF-
STEM-EDS images show a complete octahedral mor-
phology. The surface of the octahedral structure mainly
exposes the Pt (111) plane, providing favorable conditions
for high activity. And A-MS-Pt; sNi has Pt-rich layers on
the outside and a Pt-Ni alloy structure on the inside. These
Pt-rich layers can not only provide more active sites for
ORR, but also protect the inner alloy structure. The inner
Pt-Ni alloy structure can support the outer platinum-rich
shell. The combination of XRD and XPS analysis showed
that Ni in the alloy has modified the electronic structure of
Pt. This is because the diffused Ni atoms have a lower
electronegativity than Pt, causing the d-band center of Pt to
exhibit a marked negative shift after alloying. The elec-
trochemical characterization showed that its SA and MA
were about 20 and 10 times higher, respectively, than the
commercial sample Pt/C, as shown in Fig. 3b, c¢. To
understand the mechanism behind this, the electronic
density of states and the OH" binding energy of the (111)
crystal plane of the catalysts with different structures were
calculated (Fig. 3d). The results show a significant nega-
tive shift in the d-band center of the optimized octahedral
catalyst. The downward shift in the d-band center reduces
the rate-determining step in the ORR reaction and therefore
significantly improves the ORR activity. Xie et al. [114]
additionally fabricated octahedral nanocrystals catalysts
with ultrathin Pt layers and a schematic illustration of their
synthesis is shown in Fig. 3e. Figure 3f shows ADTs
results of the catalyst, which shows that the catalyst has a
MA of 2.82 A-mg_l and a SA of 9.16 mA-cm_z, which are
13.4 and 29.5 times higher than those of commercial Pt/C
catalysts, respectively. Compared with the recent work of
other researchers, it still has great advantages, as shown in
Table 1. After 30,000 ADTs, the MA of the catalyst
reduced by only 21%. The studies showed that growing
alloy nanocluster structures on the polyhedral epidermis
can prevent cluster aggregation and loss of active sites near
the surface and have higher stability and more active sites.
For example, Zhao et al. [115] prepared the Pt-rich PtCu
heteroatom clusters epitaxially grown on the octahedral
PtCu alloy/Pt skin matrix (PtCu, gg9). Owing to the synergy
of electronic effects, abundant low-coordination sites, and
compressive strain, PtCu; ¢y/C has a 4¢e~ ORR pathway and
a MA 8.9 times higher than that of commercial Pt. There
was almost no decrease in activity after the 140,000 cycles.
DFT calculations show that Pt-rich and PtCu clusters

aQ

improve ORR activity and thermodynamic
resulting in a greater catalyst life.

Some researchers doped polyhedra with other elements
to improve the performance of the catalyst. Zhu et al. [116]
successfully prepared Ru-doped Pt-Co octahedral catalysts
(Ru-Pt3Co/C), which have much higher ORR activity and
stability than Pt3Co/C and Pt/C. The in-site X-ray absorp-
tion fine structure (XAFS) result shows that Ru can drive
the reduced Pt atoms back to their initial state after ORR by
transferring redundant electrons from Pt to Ru, preventing
the over-reduction of Pt active sites and improving chem-
ical stability. DFT calculations show that Ru doping can
accelerate the destruction and desorption of oxygen inter-
mediates, thereby improving catalytic performance. And,
Polani et al. [117] prepared Mo-doped Pt-Ni alloy octa-
hedral catalysts with higher activity and durability, which
further confirmed that doping polyhedra with other ele-
ments can significantly improve the activity and durability
of catalysts.

Recently, researchers have found that the heteromorphic
polyhedron will expose more active sites and have a larger
ECSA, which improves the activity of the catalyst. Xia
et al. [118] prepared unique Pt-Ni alloy polyhedral nano-
chains (Pt-Ni PNCs) by a one-pot method, and the
HAADF-STEM image is shown in Fig. 3g. As we can see
from the diagram, the polyhedral nanochain consists of
ultrafine nanowires that connect neighboring nanopolyhe-
dra. This ordered arrangement preserves the original
structural advantage of each component while creating new
interface relationships that help stimulate architectural
synergies between the OD and 1D nanostructures. In
addition to the typical abundance of angular defects and
atomic stepping characteristics of the nanostructure, this
chain-like nanostructure has many of the best (111) facets
and elemental segregations. As can be seen from the
scanning transmission electron microscopy-EDS (STEM-
EDS) elemental mapping of the Pt-Ni PNCs (Fig. 3 h—j), Pt
is uniformly distributed and located at the surface, while Ni
is relatively concentrated in the center. This is further
uncovered by line scans crossing an individual polyhedron
and wire in different directions (Fig. 3k, 1). A large number
of atomic steps and (111) facets, Pt-rich surfaces, ultra-
small dimensions, and the ordered arrangement of poly-
hedron-wire-polyhedron combine to increase the number of
active sites and enhance mass and charge transfer in elec-
trocatalysis. The electrochemical properties of as-prepared
Pt-Ni PNC is significantly better than those of other sam-
ples such as conventional OD Pt-Ni NPs, 1D Pt-Ni NWs
and commercial Pt/C, as shown in Fig. 3m. Multiple
advanced characterization techniques have shown that the
excellent performance of mixed-dimensional Pt-Ni PNCs
mainly depends on their unique nanostructure. The
nanostructure can alleviate the problem of agglomeration

stability,
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Fig. 3 a Schematic diagram of synthesis of octahedral PtNi alloy catalysts with Pt-rich shells; histogram of b MA and ¢ SA of Pt/C,
A-Pt; 5Ni, A-Pt; oNi, and A-MS-Pt, sNi at 0.9 V (calculated from catalysts performing CV in Ar-saturated 0.1 mol-L~" HCIO4 and LSV in
O,-saturated 0.1 mol-L~" HCIO,); d densities of electronic states and OH" binding energy on (111) crystal plane of Pt/C, A-Pt; sNi, and
A-MS-Pt, sNi calculated by DFT. Reproduced with permission from Ref. [113]. Copyright 2020, American Chemical Society.
e Schematic diagram of synthesis of fct-Pt-Co@Pt octahedral nanocrystal catalyst with an ultra-thin Pt layer; f MA of catalysts at 0.9 V
vs. RHE before and after different cycles of ADT. Reproduced with permission from Ref. [114]. Copyright 2021, American Chemical
Society. g—j HAADF-STEM images and corresponding EDS elemental mapping of Pt-Ni PNCs; k, I line-scanning analysis along yellow
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Reproduced with permission from Ref. [118]. Copyright 2022, John Wiley and Sons. DFT-determined correlation of n overpotential and
o atomic O binding energy relative to Pt (111) with coordination number of surface sites on each crystal plane during ORR.
Reproduced with permission from Ref. [119]. Copyright 2022, American Chemical Society
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Table 1 Summary of oxygen reduction performance indicators of some Pt-based catalysts

Electrocatalysts Electrolyte ECSA / (m2.g™") MA at 0.90 V (vs. RHE) / (mA-mg5, Refs.
Pt/3# 0.1 mol-L~" HCIO,4 92 150 [37]
PYEC300 55 86

Pt/C 18 50 78

Pt/C 0.1 mol-L=" HCIO,4 76.90 78.7 [39]
Pt/C-M (0.13, 180) 67.75 89.5

PY/CNT 0.1 mol-L~" HCIO,4 349 - [58]
PY/CNT-TizC,T, (1:1) 63.0 163

Pt/CNT-Ti3C,T, (2:1) 342 50.4

PYCNT-TizCoT, (1:2) 57.4 117

Pt-CNT 0.1 mol-.L=" HCIO, 51.38 110 [59]
Pt-CNT@Sn0O,-400 48.58 290

Pt-Co/C 0.1 mol-L=" HCIO,4 49.2 640 [102]
Pt-Fe/C 50.9 470

Pt-Ni/C 51.7 400

2% Ga-Pt;Co/C 0.1 mol-L~" HCIO,4 459 510 [104]
4% Ga-Pt3;Co/C 47.9 750

8% Ga-Pt;Co/C 54.3 670

S-AuPbPt alloy NWNs 0.1 mol-L=" HCIO,4 140.35 590 [106]
PtFe/Pt-V NW 0.1 mol-L~" KOH 25.6 3650 [109]
PtFe/Pt NW 5 -

PtFe/Pt-V NW 0.1 mol-L~" HCIO,4 1245 1100 [109]
PtFe/Pt NW 86.8 340

fct-Pt-Co@Pt/C 0.1 mol-L~" HCIO,4 30.8 2820 [114]
fct-Pt-Co/C 249 860

fcc-Pt-Co/C 234 570

Pt-rich PtCo nanoflowers 0.1 mol-L~" HCIO, 23.43 2630 [118]
PtCo nanoflowers 51.57 590

PtCo NPs 45.42 190

Pd-Pt nanoframes 0.1 mol-L~" HCIO, 53.4 660 [123]
Pd-Pt tesseracts 44.9 1840

Pd-Pt octapods 35.5 1320

Pt-Co ND-NF 0.1 mol-L=" HCIO, 35.6 939 [125]
Pt-Cu-Mn UNFs 0.1 mol-L~" KOH 43.0 1450 [126]
Pt-Cu-Mn PNFs 36.6 850

Al-Cu-Ni-Pt-Mn np-HEAs 0.1 mol-L~" HCIO,4 108.5 3466 [129]
L1o-FePt 0.1 mol-L~" KOH - 1960 [138]
Pt,Co,-IMC@Pt/C 0.1 mol-L~" HCIO,4 435 530 [146]
Pt;@Pt/NBP 0.1 mol-L~" HCIO,4 345 214 [156]
Pt;Co@Pt-SACs 0.1 mol-L~" HCIO, 40.4 1400 [157]
Pt;Co/C 38.1 530

Pt@Pt-SACs 53.6 330

and dissolution of OD small-sized Pt-Ni alloy nanocrystals,
and enrich the surface atom steps and active surfaces of the
1D chain nanostructure. Wei et al. [119] prepared highly
open Pt-rich PtCo nanoflowers catalysts assembled from
ultrathin nanosheets by solvothermal and acid etching
methods. The abundance of high-index facets and defects

aQ

and the low-coordination site in the structure give it 17.5
and 38.7 times higher MA and SA than those of com-
mercial Pt/C. DFT simulations were carried out to establish
the relationship between ORR performance and different
coordination numbers, d-band centers, overpotentials, and
oxygen-binding energies. The simulation results are shown
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in Fig. 3n, o, and it can be seen that the ORR performance
of the low-coordination sites is much higher than that of the
high coordination sites.

3.3 Hollow nanostructures

It is well known that for catalysts, only atoms on the sur-
face or subsurface can participate in the reaction as active
centers, while a large number of atoms located in the
interior cannot participate as active centers [120]. To fur-
ther reduce the amount of Pt used, the polyhedra were
further processed and prepared as hollow nanostructures
such as nanoframes (NFs), nanocages, and hollow nan-
odendrites (NDs) [121]. These hollow structures have a
large specific surface area, highly exposed reaction sites,
and short charge transfer distances, which can accelerate
the slow ORR kinetics and further enhance the catalyst
activity [122]. This section mainly describes the prepara-
tion and modification methods of Pt-based hollow nanos-
tructures, including embedding NDs into NFs, using
deformed hollow structures to enhance compressive strain,
preparing Pt-based alloys into porous nanostructures, etc.
Preparing the catalyst into hollow nanostructures not
only further reduces the amount of Pt used but also exposes
more reaction sites, shortens the charge transfer distance,
and improves the activity of the catalysts. Chen et al. [123]
prepared a Pd-Pt hollow frame structure composed of
double-shell cubes linked by body diagonally and obtained
11.6 times higher MA and 8.4 times higher SA than those
of commercial samples. The study found that the Pt atoms
migrated and rearranged during the etching process to
reduce the surface energy, thereby improving the stability
of the catalyst. Zhang et al. [124] transformed PtCu octa-
hedral stars (PtCu OSs) into PtCu nested skeletal cubes
(PtCu NSCs) by adding Ni(acac), during the preparation
process. The nanocrystals were then treated with acetic
acid to remove surface material, including organic matter
and oxides, and STEM images of the acid-treated PtCu
NSCs (PtCu A-NSCs) are shown in Fig. 4a. As can be seen
from the figure, PtCuA NSCs are composed of smaller
skeletal cubes fully nested within larger skeletal cubes,
with a spike protruding outward at each vertex of the outer
skeletal cube. STEM-EDS elemental mapping of PtCu
A-NSCs (Fig. 4b—e) shows a mostly uniform distribution
of Pt (green), Cu (yellow), and Ni (red) throughout the
nanocrystals. EDS line scans of the spike and ridge regions
(highlighted in red in Panel a) reveal efficient Pt-rich
structures on the ridge surface. Combined with XPS anal-
ysis, the Pt-rich structure will shift the center of the Pt
d-band center downward, weakening the adsorption of
oxygenated intermediates on the Pt sites. Among PtCu
NSCs/C, Pt/C and PtCu A-NSCs/C, PtCu A-NSCs/C has
the best binding energy to oxygen-containing intermediates
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and thus shows the highest ORR mass activity. EDS and
XPS results showed that there were very few Ni*" species
in the NSCs, suggesting that the enhanced activity was
independent of the use of Ni precursors during synthesis.
So, the enhanced activity is due to the presence of the
nested skeletal structure. The hollow cavities in NSCs
allow for substantial mass transfer in ORR catalysis. PtCu
A-NSC/C shows an excellent ORR stability after
5000/10000 cycles compared to the other three alloyed
catalysts, as shown in Fig. 4f. This higher stability is due to
the synergistic effect of the nanoalloy shape and the acid
treatment process. The surface protrusions and peaks
formed in the nanocrystals can counteract structural col-
lapse and agglomeration of the catalyst, resulting in
remarkably high activity and stability. Zhu et al. [125]
synthesized PtCo-ND-NF catalysts consisting of internal
NDs and an external NF by a simple one-pot method, and
the schematic synthesis is shown in Fig. 4j. This highly
open structure can effectively expose the active sites,
promoting reaction kinetics and electron transport, which
plays an important role in improving the activity of the
catalyst. The outermost Pt skin protects the inner Pt-Co
NDs and prevents the aggregation, dissolution of the cat-
alysts, and separation from the support. Figure 4i shows the
results of its electrochemical characterization. It can be
seen that it has a mass activity about 5 times higher than
that of the commercial sample and shows high stability in
ADTs of 50,000 cycles.

The electronic structure of Pt can also be tuned by
preparing the surface with compressive strain to reduce the
d-band center and enhance the intrinsic activity of the
catalysts. For example, Qin et al. [126] prepared ternary Pt-
Cu-Mn nanoframes (Pt-Cu-Mn UNFs) with twins by the
wet chemical method. They accurately measured the
interplanar spacing of (111) planes in Pt-Cu-Mn UNFs and
pentagram-shaped ternary Pt-Cu-Mn alloy (Pt-Cu-Mn
PNFs) ridges using aberration-corrected STEM. Then, their
lattice spacing was calculated using the intensity profile,
and the calculation results are shown in Fig. 4g. It can be
seen that the Pt-Cu-Mn UNFs have a compressive strain of
approximately 1.5% compared to the Pt-Cu-Mn PNFs.
Rotating disk electrode (RDE) tests in 0.1 mol-L™' KOH
showed that Pt-Cu-Mn UNFs had higher mass and specific
activity than those of Pt-Cu-Mn PNFs and Pt/C, as shown
in Fig. 4h. DFT calculations were performed to elucidate
the increased ORR activity after compression. DFT cal-
culations show that compression on the surface of Pt-Cu-
Mn UNFs can weaken the binding and adsorption strengths
of oxygen-containing intermediates, which play an
important role in enhancing their ORR activity. Gong et al.
[127] also prepared hollow-structured PtFe alloy catalysts
with compressively strained Pt surfaces. When the Pt
loading is only 0.86%, the MA and SA of the catalyst can
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reach 2.3 and 2.7 times, respectively, that of the Pt/C
commercial sample with 20% loading. This study is
extremely important for reducing the amount of Pt and
increasing the catalytic activity. Combining the unique
high active specific surface area of the hollow structure
with the intrinsic activity enhanced by the compressive
strain, the catalyst exhibits excellent performance.

The use of de-alloying to give the alloy catalyst a
nanoporous structure can also provide more active sites for
ORR [128]. For example, Li et al. [129] used a top-down
de-alloying synthesis method to obtain a series of nano-
porous high-entropy alloys (np-HEAs) with Pt contents of
about 20 at%-30 at% by controllably incorporating five
incompatible metals into a nanoscale solid phase. Among
them, Al-Cu-Ni-Pt-Mn np-HEAs exhibited the best ORR
catalytic activity and electrochemical cycling durability,
far exceeding that of commercial Pt/C catalysts. The Pt
mass specific ECSA determined from the CO stripping

aQ

curve is ~ 108.5 m*-g~', which is much higher than that
of commercial Pt/C (64.5 m*-g~"). It has a mass activity of
3466 mA~mgl§t' obtained from electrochemical tests, which
is much higher than that of the Pt/C catalyst. Yu et al. [130]
prepared np-HEA containing 12 elements (MnyoNiys.
CU7A5C04A2V4.2F62M02Pd0.5pt05AU()_5RU()A511'0A5), which we
defined as np-HEA 12. Electrochemical test results showed
that np-HEA 12 exhibited excellent ORR activity with a
half-wave potential as high as 0.90 V, even higher than that
of the commercial 20 wt% Pt/C (0.85 V). This shows that
the many added elements have a synergistic effect on each
other to enhance the performance of the catalyst, but the
specific enhancement mechanism needs further research
and exploration. The synergistic catalysis between porous
Pt alloys encapsulated in defective graphitic carbon con-
taining Co-N-C sites will optimize the reaction pathway of
ORR and enhance the catalytic performance [131]. The
preparation of the catalysts into hollow structures resulted
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in a larger specific surface area, more reaction sites, and
shorter charge transfer distances than polyhedral structures,
which accelerated the slow ORR kinetics and not only
reduced the amount of Pt used but also further enhanced
the catalyst activity. In addition, the stability of the cata-
lysts is improved during the preparation process as Pt
atoms migrate and rearrange to reduce the surface energy.

4 Pt-based intergeneric compounds

In recent years, Pt-based intermetallic compounds have
become a new class of ORR catalysts due to their higher
activity and durability than that of Pt-based alloys
[132, 133]. The ordered atomic arrangement in the inter-
metallic structure gives Pt-based intermetallic compounds
stronger strain and ligand effects, and the long-range
periodic crystal structure and well-defined stoichiometries
of the intermetallic phases impart good chemical stability,
giving them superior catalytic activity compared to alloys
with disordered atomic arrangements [134—137]. However,
intermetallic compounds are more difficult to produce as
the transition from random alloy to intermetallic structure
usually requires high-temperature annealing above 500 °C.
High temperatures can accelerate metal sintering, leading
to deformation and agglomeration of the nanostructure and
the formation of larger particles [134]. This chapter re-
views the research progress on intermetallic compounds,
mainly focusing on solving the problems of atom migra-
tion, aggregation, grain growth, etc. during annealing.
After that, we also summarized some methods to enhance
the activity and durability of Pt-based intermetallic com-
pound catalysts, such as encapsulation in carbon layers,
combination with nanostructures.

Much researches have been done to solve the problems
of atom migration and the agglomeration of intermetallic
compounds during annealing. Yoo et al. [138] used the
bimetallic compound M (M = Fe, Co, or Ni; bpy = 2,2’-
bipyridine) on rGO, which thermally decomposed to form
uniformly sized intermetallic compound L1,-MPt grains
with good stability. And Ma et al. [139] used a strong
electrostatic adsorption method to make Pt and Co metal
ion precursors strongly attached to the carbon support and
controlled the size of the alloy PtCo nanocrystals by
adjusting the pH value of the carbon support and precursor
suspension. The strong adhesion of metal ion precursors
ensured the anchoring of the PtCo NPs on carbon supports
and inhibited atomic migration and sintering during their
conversion to intermetallic phases, resulting in the prepa-
ration of PtCo intermetallic compounds with an average
size of less than 3 nm. Luo et al. [140] prepared highly
loaded (~ 50 wt%) Pt-Cuj; intermetallic compound cata-
lysts uniformly dispersed on rGO using NH,OH as a
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traceless protectant with the assistance of the spray freeze-
drying method as shown in Fig. 5a. The addition of
NH,4OH was used to resist GO folding and easily removed
during subsequent drying and annealing, while spray freeze
drying ensured excellent dispersion of Pt and Cu precursors
on GO. Figure 5b shows its TEM image and the inset
shows the corresponding histogram of the diameter distri-
bution. From the figure, it can be seen that the prepared
catalyst has a uniform dispersion and a narrow particle size
range, indicating that the added NH,OH plays an effective
role in preventing GO aggregation. Figure Sc shows the
Gibbs free energy diagrams of the ORR process for both
Pt(111) and PtCus(111) structures, where Pt and PtCu,
have consistent downhill energy paths at U=0V (vs.
RHE), indicating a spontaneous exothermic process. When
U = 1.23 Vryg, PtCu; has a lower energy barrier for the
RDS, contributing to a significant improvement in ORR
kinetics.

Preventing particle growth during the disordered-to-
ordered transition of alloys is essential for the preparation
of high-performance intermetallic compound catalysts.
Some studies have found that intermetallic compounds can
be encapsulated in the carbon layer. The outer carbon shell
can not only prevent the growth of NPs during the sintering
process but also protect the catalyst from poisoning during
the electrochemical cycle, which can increase catalyst
stability. Doping the carbon supports with other elements
can further enhance the anchoring effect of carbon supports
and inhibit the growth of particles. Hu et al. [141] encap-
sulated Pt-Fe ordered intermetallic nanoparticles (i-NPs)
into a shell of N-doped carbon, which not only prevents
agglomeration, exfoliation, or Ostwald ripening of the
grains during electrochemical testing and high-temperature
synthesis but also can be used to anchor the catalyst and
improve its dispersion due to the strong coupling between
the catalyst and the N-doped carbon shell. Electrochemical
tests have shown that the catalyst has excellent durability,
activity, and excellent anti-poisoning performance. Hu
et al. [142] studied PtCo; intermetallic compounds
encapsulated in hollow porous N-doped carbon spheres.
They found that the outer carbon shell could not only
inhibit the oxidation and growth of Co during high-tem-
perature synthesis but also prevent Ostwald ripening and
agglomeration of the catalyst during electrochemical pro-
cesses. It is further demonstrated that the use of N-doped
carbon for encapsulating intermetallic compounds can not
only solve their grain growth problem during annealing,
but the encapsulated carbon layer can also significantly
enhance the durability of the catalyst during the ORR
reaction. It has been found that when porous sulfur-doped
carbon is supported with Pt intermetallic compounds, S and
Pt form strong interactions that inhibit high-temperature
sintering. Yang et al. [143] prepared a variety of Pt-based
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Fig. 5 a Schematic diagram of preparation of PtCuz/rGO; b TEM image of O-PtCu3rGO-8NH,OH and (inset) corresponding diameter
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U =0 and 1.23 V. Reproduced with permission from Ref. [140]. Copyright 2022, Elsevier. d Schematic diagram of kinetic energy
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Reproduced with permission from Ref. [143]. Copyright 2021, the American Association for the Advancement of Science. h PDOS of
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intermetallic compound nanoparticles (i-NPs) on porous
S-doped carbon (S-C) supports. H,PtClg is first reduced by
H, at low temperature (< 400 °C) to form Pt clusters and is
anchored in S-C by doped sulfur through Pt-S bonds. Then,
at high temperature (600 to 800 °C), Co was reduced and
alloyed with Pt to form disordered Pt-Co NPs. To achieve
the disordered-to-ordered transition, the kinetic barrier to
atomic order must be overcome (Fig. 5d), so a high-tem-
perature annealing process is necessary. After a high-
temperature annealing treatment at 1000 °C, the disordered
alloy is transformed into an atomically ordered Pt;Co
intermetallic structure driven by thermodynamics. As the
temperature rises during the annealing process, the doped
sulfur atoms gradually leave the carbon matrix, causing a
slight sintering. While the average size of Pt3Co i-NPs is
still less than 5 nm, this may be due to the chemical

Q

limiting effect of the residual sulfur sites enriched around
the alloy grains on the S-C support. And in the subsequent
electrochemical tests, the MA of the prepared PtFe, PtCo,
PtNi and PtCus i-NPs were all much higher than those of
the commercial Pt/C (Fig. 5e). To investigate the chemical
interactions between S and Pt therein, the Fourier transform
extended X-ray absorption fine structure (EXAFS) char-
acterization (Fig. 5f) revealed that Pt-S bonds do exist in
Pt;Co/S-C. The XPS spectrum of Pt3Co/S-C-600 and S-C
(Fig. 5g) show that the S 2p peak shifts by 0.1 eV toward a
higher binding energy than that with the pristine S-C
support. This indicates electron transfer from sulfur to
metal, indicating electronic interaction between metal and
S-C. These characterizations confirm the existence of Pt-S
bonds in Pt;Co/S-C, which can increase the adhesion
energy of i-NPs on S-C supports and also retard Ostwald
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ripening, particle migration, and coalescence. This sup-
presses interparticle sintering.

Some researchers dispersed the metal elements into the
carbon support at the atomic level and applied heat treat-
ment after supporting Pt so that the metal elements diffused
into the Pt lattice to form small-sized Pt intermetallic
compounds. For example, Guo et al. [144] dispersed Co
atoms into carbon supports to obtain Co-N-C supports. Pt
was loaded on the support with polyol reduction, and then
heat-treated to diffuse the Co atoms embedded in the Co-
N-C support into the Pt lattice, thereby achieving formation
of ultra-small PtCo i-NPs. The diffusive migration of Co
atoms into the Pt nanolattice causes the Pt lattice to con-
tract, and the compressive strain leads to a lower d-band
center, which helps to weaken the adsorption strength of
the oxygen-based intermediates on the Pt surface. The
PtCo/Co-N-C catalysts prepared with the dual effects of
enhanced EMSI and alloying effects have excellent per-
formance, with a half-wave potential of 0.921 V and MA
of 0.700 A ‘mgp' @0.9 V.

Combining the advantages of intermetallic compounds
and nanostructures, the preparation of intermetallic com-
pounds into unique nanostructures can further enhance the
activity and stability of catalysts. Kim et al. [134] prepared
a PtCu NF with an atomically ordered intermetallic struc-
ture (O-PtCu NF/C). Electrochemical characterization
showed that the MA and SA of the catalysts were 2.1 and
2.2 times that of the disordered PtCu NFs and 7.7 and 14.2
times that of the commercial sample, respectively. This
study confirms the feasibility of combining intermetallic
compounds and nanostructures and that the synergy
between the two is effective in improving the activity and
stability of the catalyst. Yang et al. [145] used silica to
protect PtFelr nanowires from deformation during the high-
temperature phase transition and prepared the face-cen-
tered tetragonal-ordered PtFelr intermetallic nanowire
catalysts (fct-PtFelr/C) with an average diameter of
2.6 nm. The MA of the prepared fct-PtFelr/C was about
twice that of the disordered face-centered cubic structure of
PtFelr nanowires and about 10 times that of commercial Pt/
C. Moreover, the structure and electrochemical perfor-
mance of fct-PtFelr/C remained unchanged after the sta-
bility test, showing the advantage of the ordered structure.
The Pt-rich layer structure also had a good effect on
strengthening intermetallic compounds. Cheng et al. [146]
used cobalt oxide-assisted structure evolution to success-
fully synthesize Pt;Co, intermetallic compound and Pt-rich
shell catalyst (Pt;Co-IMC@Pt/C). And then, they used
DFT calculations to investigate the enhancement mecha-
nisms in terms of their ORR activity and durability. Fig-
ure Sh shows the projected density of states (PDOS) of
pure Pt and Pt;Co-IMC@Pt. It can be seen that Pt;Co;-
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IMC@Pt has a lower d-band center than pure Pt, indicating
that the antibonding orbitals are more electron filled and
have weaker oxygen adsorption. By simulating the energy
distribution of pure Pt and Pt;Co;-IMC@Pt during the
ORR process, it was found that the adsorption energy of
each reaction intermediate of Pt;Co,-IMC@Pt was signif-
icantly weakened compared to that of the pure Pt structure.
This indicates that the ligand effect between Pt and Co
atoms, triggered by the electron transfer from Co to Pt,
greatly influences the adsorption behavior of the interme-
diate on the Pt site. Experiments and theories clearly show
that the ordered arrangement of Pt-Co atoms gives the Pt
surface a lower d-energy band center, which enhances the
antioxidant properties of the Pt/Co sites and confers
excellent oxygen resistance to the Co atoms, thus hindering
the dissolution of Co atoms from Pt;Co; NPs and
improving the ORR activity and durability.

Although there are more studies on intermetallic com-
pounds at this stage, there are still many aspects that need
further investigation. For example, the specific mechanism
of performance enhancement of intermetallic compounds
requires further research and confirmation. The type of
crystal structure that Pt forms with other metals and the
principle of formation of this crystal structure remain to be
explored. How different crystal structures affect the per-
formance of catalysts is still unclear.

5 Pt-based single-atom catalysts

SACs are a new type of catalyst in which the active metal
is anchored on a support in the form of single-atom dis-
persion [147]. They have the advantages of uniform active
center height, adjustable coordination environment, and
high atom utilization efficiency [148, 149]. However, due
to the high surface energy of the highly dispersed atoms,
the as-prepared SACs tend to agglomerate, so their loading
is always low [150]. This chapter reviews the preparation
and modification of SACs for ORR in recent years. The
content mainly focuses on improving the dispersion of
SACs and modifying single-atom alloy catalysts to
improve their intrinsic activity.

There are a lot of studies to prove that the doping of
carbon-based materials with heteroelements can anchor Pt
atoms and improve the dispersion and loading of Pt on the
support [151-153]. For example, Song et al. [28] used
atomic layer deposition to synthesize Pt SACs on MOF-
derived N-doped carbon (MOF-NC). HAADF-STEM and
XAFS studies have shown that isolated Pt single-atoms
tend to bind to N-doped sites on the support, making them
highly dispersed. DFT of the ORR process on Pt SACs
revealed that their ORR occurs in multiple channels instead
of a single pathway, which greatly reduces the free energy
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Fig. 6 PDOS of d orbitals of Pt atoms on a PtN3 with 20H and b PtN3-PO with 20H, where dotted gray line indicates Fermi level and
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change in the RDS and enhances the activity of Pt SACs et al. [154] used N and P co-doped carbon as supports to
toward ORR. Yang et al. [149] used a one-pot hydrother-  prepare Pt SACs and found that the P atoms doped in them
mal method to prepare C4N to support Pt SACs. The study  would coordinate with abundant lone electrons, thereby
found that Pt formed Pt-N-C complexes with C4N, which  reducing the d-band center of Pt. The PDOS analysis is
could not only help to disperse Pt atoms but also improve shown in Fig. 6a, b. P in PtN3-PO induces a leftward shift
the stability of the catalyst, showing excellent performance. of the PDOS of the 5d orbital by modulating the 5d orbital
Researchers also often use P-doped C to anchor Pt. Zhu  of Pt, giving PtN3-PO a lower d-band center. This weakens
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the binding of oxygen intermediates to PtN;-PO, lowers the
RDS energy barrier, and enhances ORR activity. The
results of the DFT simulation are shown in Fig. 6¢. In an
alkaline environment, PtN;PO has the lowest energy bar-
rier in determining the rate, giving it the best ORR activity.
This shows that the introduced P element can adjust the
electronic structure of Pt, reduce the d-band center of Pt,
and then increase the intrinsic activity of the catalyst.

An efficient four-electron ORR pathway is an important
way to enhance catalytic efficiency, which is particularly
important for SACs. Cheng et al. [155] encapsulated Pt-Co
single-atom alloy catalysts into N-doped graphitized car-
bon nanotubes (N-GCNTs) to obtain Pt;Co,/N-GCNTSs.
The schematic diagram of the synthesis process is shown in
Fig. 6d. Theoretical calculations proved that the unique Pt-
Co double sites in the as-prepared Pt;Co;oo/N-GCNTs
were favorable for the adsorption and dissociation of
oxygen, especially for the adsorption of OOH" intermedi-
ates and the dissociation of OH" intermediates, thus
forming an efficient four-electron ORR pathway, as shown
in Fig. 6e, f. Liu et al. [156] reconstructed the coordination
environment of these isolated Pt atoms by high-tempera-
ture pyrolysis of Pt;/NBP supported on nitrogen-doped
activated carbon, forming a unique nitrogen-anchored Pt
single-atom active site (Pt; @Pt/NBP). They also obtained
an efficient four-electron ORR pathway, giving the catalyst
fast ORR kinetics, good ORR performance, and stability.
Liu et al. [157] utilized the synergistic effect of single-
atoms and alloys to achieve an efficient and durable four-
electron ORR pathway, and its free energy diagram is
shown in Fig. 6g. The Pt;Co NPs at the interface optimize
the electronic structure of the edge single-atom Pt, which is
more favorable for the adsorption of “OOH (and O,
molecules), thus improving the performance. The detailed
schemes of the ORR mechanism of in-plane and edge
single-atom Pt are shown in Fig. 6h, i. Combining in situ
Raman analysis and theoretical calculations, it is found that
Pt;Co core nanocrystals modulate the electron structures of
the adjacent Pt single-atoms to facilitate the intermediate
absorption for fast kinetics, allowing the catalyst to exhibit
MA and SA 1 order of magnitude higher than that of
commercial Pt/C. The Pt-SACs coating significantly
reduced the dissolution of the Pt3Co core, resulting in a
half-wave potential drop of only 10 mV after 50,000
cycles, showing good durability.

In addition to carbon materials, MXenes are used as
substrate materials for SACs because of their unique two-
dimensional structure, high surface area, and high elec-
tronic conductivity. Kan et al. [158] investigated the ORR
activity of recombinant SACs by recombining Pt single
atom on 26 representative MXenes using first-principles
calculations. They studied the stability of Pt atoms on the
surface of MXenes by using the formation and diffusion
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energy barriers. The charge transfer analysis revealed that
the Pt atom was not only the catalytic center of SACs but
also the charge-transfer mediator between the MXenes
substrate and the reactants. When using O-terminated
MXenes as a support for loading, it usually ends in failure,
but they are more stable than F-terminated MXenes and
more suitable as supports. Kan et al. [159] investigated the
reason for this by using first-principles calculations to
analyze the influence of these two materials on catalyst
performance when used as supports. The reason for this is
that the charge density around Pt and C in O-terminated
MXenes-supported catalysts is low, which seriously redu-
ces the catalytic activity of Pt. In order to use O-terminated
MXenes as supports to improve the stability of Pt SACs,
they successfully constructed ordered bimetallic MXenes
by leaving the Nb (or Cr) submetal in the outer layer and
inserting a second submetal, M*, with lower electronega-
tivity than Nb (or Cr) in the middle layer. Owing to the
lower electronegativity of the second submetal, Pt, C and
O/F atoms gain more electrons from the bimetallic
MXenes. “O species can gain more electrons from the
bimetallic system and be further activated during the
reaction, which significantly improves the catalytic
efficiency.

6 Conclusion and prospective

In this paper, the research progress of Pt-based catalysts for
ORR in recent years is reviewed. We describe in detail the
preparation and modification methods of Pt-based catalysts
(including Pt/C, Pt-based alloys, Pt-based intermetallic
compounds, and Pt-based SACs) and the principles of
improving their activity, with an emphasis on three
nanostructures of Pt-based alloy catalysts. The use of
spatial confinement, heteroelement doping, and the prepa-
ration of composite materials as supports can improve the
degree of dispersion of Pt and increase the corrosion
resistance of the support, which is very beneficial for
improving the activity and durability of Pt/C catalysts.
Alloying other elements with Pt can produce ligand effects
and coordination benefits, and improve the intrinsic activity
of the catalyst. And preparing it into a special nanostruc-
ture can not only enhance the ligand and coordination
effects but also expose more active sites. The hollow
structure can also provide a larger specific surface area and
a more stable structure, further improving catalyst perfor-
mance. Transforming disordered alloys into atomically
ordered intermetallic compounds can result in lower
d-band centers and more stable structures. The combination
of intermetallic compounds and polyhedrons can combine
the advantages of both, and greatly improve the activity
and durability of the catalyst. SACs have been a research
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hotspot since their discovery. In addition to increasing their
loading capacity and improving their dispersion in the
preparation process to improve their performance, they can
also be alloyed with other elements to create single-atom
alloy catalysts. This further enhances their activity and
durability.

Many Pt-based catalysts with excellent performance
have been developed after years of research. To promote
commercial use, ORR catalysts need to make more efforts
on the path of low Pt, high efficiency, stability, economy,
and environmental protection. We can start with the fol-
lowing directions:

(I) Optimizing the preparation process and reduce man-
ufacturing costs. The process cost of high-perfor-
mance ORR catalysts is still relatively high, or the
operation is complicated, and it is difficult to achieve
commercial promotion.

(II) Based on theoretical research, the performance of
catalysts can be improved while reducing costs.
Alloying Pt with various elements to form HEAs can

further improve the performance and durability of Pt-
based alloy catalysts. However, there are still few
studies on Pt-based HEAs at this stage, especially the
influence of composition and structure on their
properties, which have not been determined and
requires further theoretical and experimental
research. The combination of intermetallic com-
pounds and nanostructures can also significantly
improve the activity of catalysts, but at this stage,
the mechanism for improving the performance of the
components and structures needs to be further studied
and the preparation process further optimized.

(IIT) Development of noble metal-free catalysts with
excellent performance. Although there have been
some researches on noble metal-free ORR catalysts
at this stage, their activity and stability are still not
up to commercial standards, and there is still a long
way to go to achieve or even surpass the perfor-
mance of Pt-based catalysts.

(IV) Accelerate the design and development of ORR
catalysts using advanced artificial intelligence tech-
nology. The traditional development method of
catalysts is based on the trial-and-error method,
which requires a lot of time and economic cost and
is highly accidental. In recent years, with the
development of big data and supercomputers,
advanced artificial intelligence technologies, such
as machine learning and deep learning, have been
widely used in materials research and development.
They have powerful learning, data analysis, and
prediction capabilities that can significantly shorten
the materials development cycle and reduce the cost

K4

of trial and error. The use of these advanced
artificial intelligence technologies in the develop-
ment of ORR catalysts will certainly have broad
development prospects.
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